When a sound source is located near a large plane-surface reflector, the total acoustic power radiated from the source including the reflection depends on the source position. Interference is the cause of this phenomenon, and the musical instruments for bass sound are particularly influenced. The surface diffusion treatment of the stage reflectors may be a solution for improving the problem. In this paper, from the viewpoint of acoustic power from the stage area to the audience area, the effect of surface diffusion of a stage rear-wall is examined by using an analytical model of 2 and 3-dimensional wave theory. As a result of some numerical examples, it is shown that a rear wall tilted more than right angles has a potential of improving the effect.
INTRODUCTION
The total acoustic power radiated from a sound source located in a stage area varies depending on the source position and the configurations of the stage enclosure. This phenomenon has been observed in measurements of the acoustic power using a reverberation chamber [1] [2] [3] , and it has been proved that the effect is caused by interference between the direct and reflected waves [4] [5] [6] [7] . The frequency range affected by this phenomenon is restricted to relatively low frequencies. In this context, there has been some research concerned with the design method for the layout of musical instruments for bass sounds [9, 10] .
Regarding acoustics of the stage area, the total acoustic performance should be evaluated, including the effect of performers on the stage. However, the effect depends on the performance style of the music, i.e., orchestral music, chamber music, solo performance and so on. Moreover, the interaction between the stage enclosure and the performers becomes complicated as the frequency increases.
The purpose of this paper is to clarify the fundamental performance of the stage enclosure for bass sounds. Therefore, the discussion here is devoted exclusively to the fundamental aspect of the stage area neglecting the effect of performers. The effects of the configuration of a stage rear-wall on the power output to the audience area are investigated by using simple models of the stage enclosure. The fundamental model consists of two semi-infinite plane reflectors joined at right angles. The vertical and horizontal planes correspond to the stage rear-wall and the stage floor, respectively. The problem of whether any modification of the shape of the stage rear-wall can alleviate the tonal effects at low frequencies, is discussed.
ACOUSTIC RADIATION OF A POINT SOURCE NEAR REFLECTORS
Consider a sound field resulting from two semi-infinite plane reflectors joined at right angles, with a point source P s located near the corner as shown in Figure 1 . The response at a point P, expressed as the velocity potential φ, due to a point source e ikr /4πr with wave number k, can be written as (1) where r j (j=1, 2, 3) is the distance of the images due to each plane reflector. When the two planes intersect at right angles, this expression is mathematically rigorous.
Figure 1.
Geometry of a reflection model; P s is the source; P the receiver; r 0 the distance between P s and P; d 1 the distance between P s and the rear-wall; d 2 the distance between P s and the floor; θ the elevation angle and ϕ, the azimuthal angle.
If a sound source is located near the reflector, the output characteristics of the source change depending on the position. Figure 2 (b) shows calculated results for the sound pressure level (SPL) in the vicinity of the source, where the musician's ear position may be assumed. For reference, the results for the case of one plane-reflector of infinite extent are given in Figure 2 (a). These results are averaged over a sphere of radius r 0 , normalized to the sound pressure of the same source in the same position in a free field, and smoothed over 1/3-octave bands. In Figure 2 (a), -r 0 (=r 0 /λ) is used as the parameter with λ as the wavelength. Although the peaks and dips change slightly with changes inr 0 , the tendency is almost the same. Therefore, Figure 2 The total acoustic properties can be evaluated by the acoustic power, and the characteristics in the far field of a sound source can be evaluated by the directivity index.
The total acoustic power can be calculated by integrating the squared sound pressure in the far field over the 1/4-sphere with respect to θ and ϕ. The calculated results of the power level (PWL) are shown in Figure 3 , normalized by that of the same source in the free field and smoothed over 1/3-octave bands. As is expected from the previous discussion, the power output changes depending on the source position. The tendency is similar to the case of SPL variation in the vicinity of the source. The directivity index L(θ,ϕ) can be written in the following form. (2) where (3) The calculated results are shown in Figure 4 . It is seen from this graph that the directional pattern is strongly affected by changes in the source position. Source distances d 1 =λ/4 or 3λ/4 give rise to the attenuation effect for the direction normal to the vertical plane. For the direction normal to the horizontal plane, the same effect can be seen in the case d 2 =λ/4 or 3λ/4 . Considering this as an interactive effect due to the stage floor and stage rear-wall, if a musical instrument with the fundamental tone corresponding to the wavelength λ is located at a position d 1 =d 2 =λ/4, a contribution to the direct sound would not be expected at seats in the front of the stage.
A combination of the direct sound and its images can be regarded as one sound source, which generates a variable distribution of sound pressure. Thus the frequency characteristics at a receiving point will vary depending on the position of the source and the receiver.
Numerical examples of the SPL variation depending on the position of the receiver are shown in Figure 5 . In these graphs, the results of model experiments are also included. The source is located at d 1 =d 2 =1.7m and the receiver is 7.5m in Figure 5 (a) and 10m in Figure 5 (b), away from the source, normal to the vertical plane. Both graphs prove the validity of the method of calculations. A slight level reduction can be seen at frequencies around 50Hz, which is related to the one-quarter wavelength for the distance 1.7m. However, another broad attenuation effect also appears in the frequency range 125-500Hz depending on the receiver position. SPL variation of the sound field including experimental results; (a) receiver is 7.5m away from the source; (b) receiver is 10m away from the source.
Another calculated example is shown in Figure 6 , in which the source is located at d 1 =d 2 =1.0m in Figure 6 (a) and d 1 =d 2 =1.7m in Figure 6 (b), and the receiving point is located 20m away from the source, the vertical angles are 25 degrees for both cases. In the calculation, the sound pressure is normalized to that of the same source in a free field, and is averaged by smoothing over 1/3-octave bands. In these cases, more serious reductions of sound level are apparent at low and mid frequencies.
The sound field generated from the simple reflection structures described here leads us to consider an open-air theatre. In this case, there is the possibility that the attenuation effect really occurs and could be serious. It is known that reflectors located at relatively long distances from a source can be useful to balance the acoustic energy at the seating area. However, in the case of reflectors located near a source, it should be noted that radiation from the source itself is affected and can cause particular effects on the acoustic performance, as can be seen in Figure 3 . The attenuation effect due to a stage enclosure, which is called here the "stage enclosure effect (SEE)," is similar to that of "seat dip effect (SDE)," and occurs at rather earlier reflection times than those from SDE. The combination of both effects may give rise to more serious tonal effects. 
THE EFFECT OF SURFACE DIFFUSION ON THE STAGE REAR-WALL
As described in the previous section, the reflection due to two large plane-reflectors joined at right angles introduces the possibility of tonal distortion at low and mid frequencies. One of the most realistic methods for improving this acoustic deterioration may be to design some diffuse-reflection treatment to the surface configuration of the stage rear-wall. It is seen from the discussion in section 2 that the interactive effect of two orthogonal reflectors appears serious. In this section, therefore, we investigate the potential of diffuse reflection for improving the stage enclosure effects, and the effects of scattering in the vertical and horizontal direction is discussed.
Method of calculation Figure 7.
Geometries of the analytical model for the 2-dimensional problem; P s is the source; P the receiver; n the normal direction; S 1 the surface of the rear-wall; S 2 the surface of the floor; ζ the uneven part of S 1 ; prime denotes the image with respect to the z-axis; double and triple prime denotes the image with respect to the y-axis.
The geometry for a 2-dimensional analytical model of scattering in the vertical direction, with the co-ordinate system is shown in Figure 7 (a) . Combining the expression of the Helmholtz-Kirchhoff integral formula for the velocity potential at a receiver P and that of a receiver P', which is the image of P with respect to z-axis, yields (4) where G is the 2-dimensional free space Green's function for outgoing waves, which is given by ds n P P G n 
Considering the condition that the integration over S 2 is 0, and
one obtains (7) This expression shows that the response at a receiver P can be obtained by summation of each solution for a source P s and a source P s ', respectively, for the sound field shown in Figure 7 (b). Regarding the source P s , the velocity potential at a receiver P for the sound field shown in Figure 7 (c) can be written in the form (8) where a double and triple prime denotes the image with respect to y-axis. The surface velocity potential can be calculated by solving simultaneous equations obtained by applying equation (8) to the boundary surface. Then, by using equation (8) with the values on the boundary surface, a potential at an arbitrary point can be calculated. In a completely analogous way, the solution for the source P s ' can be obtained.
In the same way as is described for the vertical 2-dimensional problem, the velocity potential for scattering in the horizontal direction for the 3-dimensional problem at a receiver P, can be given by summation of each solution for a source P s and a source P s '. In this case, G is the 3-dimentional free space Green's function for out going waves.
In the case that a receiver P is in the far field, the response can be obtained using the reciprocity theorem by calculating for the plane wave incident in the direction from P to P s and P s '. In this case, the problem can be solved using the 2-dimensional model described in the previous section.
Numerical results and discussion

Figure 8.
Six types of surface diffusion models in the vertical direction.
Firstly, the effect of scattering in the vertical direction was examined. The reflector configurations considered here are shown in Figure 8 . For Types 1-5, the height of the uneven part is fixed at 4m, and for Type 6, it is fixed at 8m. The configurations for Types 1-3 correspond to tilted walls. A succession of triangular profile diffusers, with different projections, is considered for Types 4-6. The shapes of the triangular profile are selected to achieve the most effective diffusion [11, 13] . For reference, the scattering patterns of Type 4 are shown in Figure 9 . They are calculated results for the situation where the uneven part of Type 4 is located in a free field with a normal incidence plane wave, and the results are normalized for the intensity of the specular element of a plane surface with the same width [8, 12] . It is seen that diffusion is also generated by the limited width of the surface. The effect of surface corrugation is evaluated here from the acoustic power, which is calculated by integrating the squared sound pressure in the far field over the 1/4-cylindrical surface. Figure 10 shows the characteristics of the calculated PWL. In the calculation, the power output is normalized to that of the same source in the free field, and is averaged by smoothing over 1/3-octave bands. It is seen from these results that noticeable effects resulting from the diffuse treatment are not apparent, except for the case of Type 1, which is a tilted rear-wall with a vertical angle of 97.5 degrees. However, the degree of improvement in level reduction decreases as the distance from the surface increases, i.e., the improvement seems to be restricted to the case where the
Type4: H =0.25m Type5: H =0.5m Type6: H =0.5m
sound source is placed near the corner. As can be seen in Figure 6 , the response at the receiver, from a sound source near the corner of two orthogonal plane-reflectors, varies depending on the receiver position, especially at low frequencies. At some points the low frequencies are seriously attenuated. It is interesting to consider whether the tilted rear wall can reduce this attenuation. The calculated results are shown in Figure 11 , in which results for a plane rear-wall was also shown, for the 2-dimensional case corresponding to Figure 6 . In the case when the receiver is far away from the source, due to reciprocity theorem, both the 3D and 2D cases show almost the same results. It is apparent that the level reduction at frequencies around 80-300Hz, observed for the plane rear wall, recovers due to tilting the wall to 97.5 degrees, for the case of a source located at d 1 =1m and d 2 =1m. Where d 1 =1.7m and d 2 =1.7m, a similar improvement in the frequency range 50-200Hz can be seen, however the effect is less than for the former case. Secondly, the effect of scattering in horizontal direction we examined, as shown in Figure 12 , using diffusers comprising a succession of three triangular profiles. The effect of surface corrugation is evaluated here in terms of the characteristics of the sound pressure level in the far field. Calculated results are shown in Figure 13 . In the calculation, the sound pressure is normalized to that of the same source in the free field, and is averaged by smoothing over 1/3-octave bands. From these results, a slight improvement can be seen at about 90Hz in the case d 1 =d 2 =1m, but the opposite effect occurs at about 190Hz. In the case d 1 =d 2 =1.7m, the effect of diffusers is less noticeable. Other examples (not shown here) showed that a significant improvement in tonal response would not be expected for diffuse treatment in the horizontal direction. 
CONCLUSIONS
To investigate the characteristics of the acoustic radiation from a stage enclosure, the sound fields generated by a point source located near the corner of two semi-infinite plane reflectors intersecting at right angles was analysed. As a result of this simple analysis, including some experimental verification, it is clear that a source located at a distance corresponding to one-quarter wavelength or its multiple by odd numbers, causes power reduction at the corresponding frequencies. The effect has directional characteristics, in which more serious effects can be seen for the direction in the median plane. Also a level reduction over rather wide bands of frequency, which is similar to the "seat dip effect," can be seen at some receiving points in the audience area. For the purpose of improvement in this phenomenon, the possible effects of changes in reflector configuration have been considered, including surface diffusion and tilted walls. As a result of some numerical investigations using the Helmholtz-Kirchhoff integral formula, it was shown that a rear wall tilted more than right angles has the potential to improve the attenuation effect due to a sound source located near the corner.
